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Prognostic relevance of the Golgi mannosidase MAN1A1
in ovarian cancer: impact of N-glycosylation on tumour
cell aggregation
Fabienne Hamester1, Karen Legler1, Beatrice Wichert1, Nicole Kelle1, Kathrin Eylmann1, Maila Rossberg1, Yi Ding1, Sascha Kürti1,
Barbara Schmalfeldt1, Karin Milde-Langosch1 and Leticia Oliveira-Ferrer1

BACKGROUND: Maturation of complex N-glycans involves the action of Golgi mannosidases and plays a major role in cancer
progression. We recently showed a favourable prognostic role of α-mannosidase MAN1A1 in breast cancer mainly caused by
alteration of certain adhesion molecules.
METHODS:We analysed the protein expression of MAN1A1 in ovarian cancer (n= 204) using western blot and studied the impact of
MAN1A1 itself and of MAN1A1-related glycosylation on the prognostic relevance of two adhesion molecules. Functional
consequences of mannosidase inhibition using kifunensine and MAN1A1 knock out were investigated in ovarian cancer cells in vitro.
RESULTS: Patients with high MAN1A1 expression in tumours showed significantly shorter RFS than those with low-MAN1A1 levels.
Moreover, high MAN1A1 expression correlated significantly with advanced stage, lymph node involvement and distant metastasis.
Further, the glycosylated adhesion molecule ALCAM reveals a significant adverse prognostic effect only in the presence of high
MAN1A1 expression. In spheroid-formation assays, mannosidase inhibition and especially MAN1A1 knock out led to strong
reduction of tumour cell aggregation.
CONCLUSIONS: Our study demonstrates the unfavourable prognostic role of MAN1A1 in ovarian cancer, probably caused by an
altered ability of spheroid formation, and the strong influence of this glycosylation enzyme on the prognostic impact of ALCAM.
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BACKGROUND
Ovarian carcinoma is the gynaecologic tumour with the highest
mortality. Since it is asymptomatic in early development, it is
mostly diagnosed in advanced stages when tumour dissemina-
tion has already taken place. Ovarian cancer (OvCa) therapy
includes optimal surgical tumour reduction (debulking) followed
by platinum-based combination chemotherapy. Here, the muta-
tion status of genes related with homologous recombination
deficiency such as BRCA1/2, has been found recently to predict
better response in platinum-treated patients. But up to now
these are the only known predictive markers in ovarian cancer
and new molecular targets for an individualised therapy are
urgently needed.
In contrast to tumours with mainly hematogenic metastasis, i.e.

breast cancer, dissemination of ovarian carcinomas occurs by
intraperitoneal spread and, partly, through lymphatics, giving rise
to retroperitoneal metastatic lesions. In early state OvCa can
metastasise also haematogenously to the omentum.1,2 Both
hematogenic and intraperitoneal metastasis involve changes in
cell-cell or cell-matrix interactions accomplished by adhesion
proteins. Like most cell-surface proteins these are heavily
glycosylated, and the correct glycosylation is essential for their
proper function. In cancer cells, aberrant O- and N-glycans are

frequently found due to disturbed glycosylation and aberrant
expression of glycosylation enzymes.3

N-glycosylation is a complex process, which leads to addition of
glycan structures to the amino group of asparagine residues
during translation. It starts with synthesis of a dolichol-bound
oligosaccharide precursor in the endoplasmic reticulum (ER),
consisting of 14 sugar moieties, among them nine mannose
residues. This oligosaccharide is then transferred to a suitable
asparagine residue (Asn-X-Ser/Thr) within the nascent polypeptide
by the oligosaccharyltransferase (OST) protein complex. Now, the
correct folding and secretion of the glycoprotein depends on
trimming of the glycan precursor in the ER and Golgi. After
removal of three glucose residues by glucosidases and one
mannose by ER mannosidase MAN1B1, the glycoprotein is
transferred to the Golgi with its N-glycans containing eight
mannose residues, termed high-mannose glycans. Generally,
additional mannose residues are then cleaved by Golgi manno-
sidases which is the prerequisite of formation of complex or
hybrid glycans.4 The mannosidase MAN1A1, together with
MAN1A2 and MAN1C1, belongs to the GH47 (Glycosidase
Hydrolase) Golgi mannosidase I (Golgi MI) subfamily,5 which
cleaves alpha-1,2 bound mannose sugars from high-mannose
glycans (Man8–9GlcNAc2) resulting in 5-mannose glycans
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(Man5GlcNAc2).6 Inhibition of Golgi mannosidases has been
previously described to result in increased high-mannose glycans
which modulates cellular functions, including cell adhesion7,8

(Supplementary Fig. S1).
Ovarian and breast cancer are the most important female

malignancies, but they strongly differ in their metastatic behaviour
including the role of cell adhesion. In prior studies on breast
cancer tumour samples, high MAN1A1 mRNA or protein expres-
sion was associated with prolonged recurrence-free (RFS) and
overall survival (OAS) of the patients as well as significantly less
lymph node involvement or brain metastasis, pointing to a
tumour-suppressor function of this enzyme.9,10 Low-MAN1A1
expression in tumour cells resulted in significantly increased
adhesion to endothelial cells in vitro suggesting a role of N-
glycans in hematogenic metastasis.9 Based on these results on
breast cancer, we were interested in the role of the mannosidase
MAN1A1 in OvCa, which exhibits a fundamentally different mode
of tumour progression, mainly due to intraperitoneal spread.

METHODS
Patient cohort
MAN1A1 protein expression was analysed in 204 ovarian tumour
tissue samples obtained during surgery in the University Medical
Centre Hamburg-Eppendorf (UKE). Of these, 176 cases were from
primary ovarian carcinomas, 12 samples from recurrent ovarian
cancer, 12 from tumours of low malignant potential (LMP, Border-
line tumours) and four from benign cystadenomas. The clinical and
histological characteristics of the primary carcinomas are shown in
Table 1. Patients included in this retrospective study were treated
between 1998 and 2012. Informed consent for the scientific use of
tissue materials, which was approved by the local ethics committee
(Ethik-Kommission der Ärztekammer Hamburg, #OB/V/03), was
obtained from all patients. The study was performed in accordance
to the principles of the declaration of Helsinki and REMARK
criteria.11 No radiotherapy, neoadjuvant chemotherapy or endocrine
therapy had been administered before surgery.

Ovarian cancer cell lines
Cultivation and protein extraction from the human OvCa cell
lines SKOV3 (obtained from American Type Culture Collection,
Manassas, VA, USA) and OVCAR8 (a kind gift of Dr Volker
Assmann, Institute of Tumour Biology, UKE, Hamburg, Germany)
were performed as described.12,13 The cell line OAW42 (a kind
gift of the Institute of Anatomy, UKE, Hamburg, Germany) was
cultured in Modified Eagle’s Medium (Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum. Cell lines were
recently authenticated and are periodically tested for myco-
plasma contamination.

CRISPR/Cas9-MAN1A1 knock out
CRISPR/Cas9-MAN1A1 knock out (k.o.) in OVCAR8 cells was
performed according to the plasmid-based procedure described
by Ran et al.14 Guide sequences were selected with the provided
online CRISPR-Design-Tool. Primers used for sgRNA oligo insert
construction can be found in supplementary material and
methods file. sgRNA oligos were cloned into pSpCas9(BB)-2A-
GFP plasmid (Addgene plasmid ID: 48138). OVCAR8 cells were
transfected with MAN1A1-specific CRISPR/Cas9 plasmid as well as
empty vector (e.v.) by using Lipofectamine2000 reagent (Thermo
Fisher Scientific Inc., Waltham, Massachusetts). Single-Cell-
Colonies were assessed using FACS Sorting method und MAN1A1
k.o. was checked via western blot analysis and sequencing of
genomic DNA (Supplementary Fig. S2).

Western blot analysis
Protein extraction from tumour samples and polyacrylamide gel
electrophoresis were performed as described before.15 Briefly, equal

amounts of protein (20 μg) of each sample were loaded per well and
equal loading was verified by immunoblotting with GAPDH
antibody. As positive control, a protein extract from SKOV3 was
loaded in each gel. MAN1A1 was detected by incubation with the
anti-α-1,2-mannosidase-IA antibody. Blots were visualised by che-
miluminescence reagent (Supersignal West Pico Chemiluminescent
Substrate, Thermo Scientific) using Fuji Medical X-Ray Film (Fuji-film
Corporation). Band intensities were quantified by densitometry
(GS-700 Imaging Densitometer, Bio-Rad, Hercules, California) and
calculated as percent-intensity of SKOV3 (set as 100 %) after
correction for equal GAPDH loading. The optical densities of both
bands (72/60 kDa) were quantified separately as well as together
and calculated in relation to the 72 kDa band of SKOV3.
In addition to MAN1A1, expression of the Activated leukocyte

cell adhesion molecule (ALCAM/CD166), the Intercellular adhesion
molecule 1 (ICAM1) and Integrin β4 were analysed. β- Actin as well
as GAPDH expression was used as loading control.

Table 1. Cohort description (n= 176)

patient
number (%)

Age at diagnosis (y) Mean (median) 59.2y (61 y)

Histological Type Serous-papillary 148 (84.0)

Endometrioid 10 (5.7)

Mucinous 4 (2.3)

Others/unknown 14 (8.0)

FIGO stage FIGO IA-IC 8 (4.6)

FIGO IIA-IIB 6 (3.4)

FIGO IIIA-IIIC 125 (71.0)

FIGO IV 37 (21.0)

Nodal involvement Negative 44 (25.0)

Positive 101 (57.4)

Unknown 31 (17.6)

Grading G1 9 (5.1)

G2 46 (26.1)

G3 117 (66.5)

Unknown 4 (2.3)

Distant metastasis Negative 138 (78.4)

Positive 37 (21.0)

Unknown 1 (0.6)

Tumour residuum after
surgery

Not macroscopically
visible

122 (69.3)

<1 cm3 33 (18.8)

>1 cm3 19 (10.8)

Unknown 2 (1.1)

Adj. Chemotherapy Carboplatin/Paclitaxel
(Taxol)

127 (72.2)

Other regimens based on
carboplatin

35 (19.9)

Others 14 (7.9)

Recurrence Yes 114 (64.8)

No 57 (32.4)

Unknown 5 (2.8)

Survival at last follow-up Alive 83 (47.2)

Dead 93 (52.8)

Recurrence-free survival
(months)

Mean (median) 27.4 (16)

Overall survival (months) Mean (median) 38.4 (30.5)
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For lectin blots, kifunensine-treated (10 µM) and non-treated
whole protein lysates (10 µg) and membrane fractions from
SKOV3, OVCAR8 and OAW42 cells were prepared. The membranes
were blocked 2 h in carbo-free-blocking solution (Vector Labora-
tories, Burlingame, CA, USA) and then incubated with biotinylated
ConA (con-canavalin A) or PHA-E (Phaseolus vulgaris erythroagglu-
tinin). Lectins were detected with HRP-conjugated streptavidin
(ABC reagent, Vector Laboratories) and developed on X-ray film
using chemiluminescence reagent. α-Tubulin served as loading
control. Additional antibody information is listed in the supple-
mentary material and methods file.

Treatment with kifunensine
OVCAR8 cells were incubated with mannosidase inhibitor
kifunensine (Sigma–Aldrich Chemie GmbH) in three different
concentrations (1, 10 and 50 µM) for 72 h in serum-reduced
medium (5% (v/v) FCS), and functional assays were subsequently
performed.

Subcellular fractionation of cells
Protein extraction of kifunensine-treated cells and untreated
controls was performed using Qproteome Cell Compartment Kit
(Qiagen, Hilden, Germany) according to the manufacturer´s
instructions. The protein levels of ALCAM in resulting subcellular
fractions were investigated by using western blot analysis as
described before with 10 µg protein per lane. α-Tubulin was used
as a loading control for whole lysate and cytoplasm, whereas
Lamin A/C was used for the nuclear fraction. For quantification,
the protein yields in the four fractions were measured and total
ALCAM amounts within these fractions were calculated (n= 3).

Spheroid-formation assay
Cell spheroids were generated on 2% agarose-coated (Seakem®

GTG®, Lonza Group AG, Basel, Switzerland, dissolved in Dulbecco´s
Phosphate Buffered Saline) 96-well plates by seeding 3 × 103 cells
in 100 µl full medium per well. The spheroid-formation ability of
the cells was determined by comparing spheroid size after three
different time points using light microscopy and camera (Axiovert
40 C, Carl Zeiss AG, Leica DFC320, Wetzlar, Germany). Each
stimulation with kifunensine was performed in triplicate (n= 3).
Images are representative of three independent experiments.

Migration assay
Cells were seeded with 1.5 × 105 per well in six-well plates and
cultured until confluence. A wound healing assay was performed
as described previously.13 The migration potential of the cells was
determined by analysing the wound area at different time points
(0, 48, and 72 h) with ImageJ Wound Healing Tool (Wayne
Rasband, National Institute of Health). Each stimulation was
performed in triplicate (n= 3). Images are representative of three
independent experiments.

Proliferation assay
Cell proliferation was analysed using the Cell Proliferation Kit I
(MTT) (Roche Applied Science, Mannheim, Germany) in medium
containing 1% (v/v) or 10% (v/v) FCS. A total of 5 × 103

kifunensine-treated cells (1, 10 and 50 µM for 72 h) were seeded
per well into a 96-well-plate in 100 µl medium. Cell viability was
quantified after 0, 24 and 48 h by measuring the absorbance of
the supernatant at 540 nm and 24 h and 48 h values were
related to those at 0 h. Each stimulation was performed in
quadruplicates (n= 4). Images are representative of three
independent experiments.

Cytotoxicity assay
OVCAR8 cells were seeded (5 × 103 cells per well) in 96-well plates
and treated with cisplatin (Neocorp AG, Weilheim, Germany) in
three different concentrations (1, 10 and 50 µg/ml) for 24 h. Cell

viability was determined using Cell Proliferation Kit I (MTT) (Roche
Applied Science, Mannheim, Germany) as described above. Each
stimulation was performed in quadruplicates (n= 4). Images are
representative of three independent experiments.

Statistics
Statistical analysis was conducted using SPSS software Version 24
(IBM SPSS Statistics, Armonk, NY, USA). Correlations between the
MAN1A1 mRNA and protein expression values were examined
using two-sided Pearson tests. For further statistical analysis all
tumour cases were first divided into four groups of similar size
(quartiles Q1–Q4) representing low, moderate/low, moderate/
strong and strong MAN1A1 expression, then further combined to
two groups with the median or the 75 % point as cut-off.
Chi-square-tests were used to examine the correlations between

MAN1A1 expression and tumour type or clinicopathological factors
in primary carcinomas. For prognostic parameters, the following
groups were compared: histological grading (G1/2 vs. G3), FIGO
stage (I/II vs. III vs. IV), nodal status (positive vs. negative);
histological subtype (serous vs. others), residual disease after
debulking surgery (none vs. <1 cm vs. >1 cm). Survival curves were
plotted by Kaplan-Meier analysis. Differences between survival
curves were evaluated by Log-Rank-Tests. Hazard ratios were
calculated by uni- or multivariate Cox regression analysis.
For all in vitro assays, cells in each group were plated in

triplicates or quadruplicates, and each experiment was performed
three times (n= 3). Statistical significance was determined using
unpaired two-tailed Student’s t-tests. The assumption of homo-
geneity of variance was tested using Levene's Test of Equality of
Variances (p > 0.05). Results are given as mean ± s.d. or s.e.
Probability values less than 0.05 were regarded as statistically
significant.

RESULTS
MAN1A1 expression in different ovarian tumour types
A representative western blot of MAN1A1 and GAPDH is shown in
Fig. 1a. MAN1A1 expression in SKOV3 control cells was defined as
100% for statistical analysis. MAN1A1 was strongly expressed and
consistently detected around 72 kDa as expected in all tumours
(mean relative expression 376%; range 1.1–2898%). An additional
band appeared around 60 kDa in most tumour samples (mean
relative expression 103%; range 0.4–717%), partly in form of a
double band, whereas this could not be detected in SKOV3. No
additional bands were detected neither for the control cell line
nor for the tissue samples. The correlation between mRNA level
and protein level was analysed in a small set of OvCa samples
(n= 37). Here, mRNA levels correlated significantly with corre-
sponding protein levels including 72 kDa bands or 60 kDa bands
or 72 kDa+ 60 kDa bands (72 kDa: Pearson correlation (r) 0.586;
p= 0.000; 72 kDa+ 60 kDa: r= 0.493; p= 0.002; 60 kDa: r= 0.379;
p= 0.021). Both bands correlated strongly with each other by
Pearson tests (r= 0.672, p < 0.001) in the OvCa cohort. All
densitometric analysis was conducted with expression levels of
the expected band at 72 kDa, the cumulated expression values of
all bands, and the 60 kDa bands alone.
MAN1A1 protein expression was detected and compared in

benign cystadenomas, borderline tumours and primary or
recurrent ovarian carcinomas. Mean relative expression of the
major band (72 kDa) in these four groups were 389, 273, 364 and
651%, respectively (median values: 209, 213, 195 and 362%;
interquartile-ranges: 8.9, 2.9, 3.3 and 10.7; Fig. 1b), with no
statistically significant differences in t-tests. Regarding expression
of the 60 kDa band in these four tumour types, we observed mean
values of 366, 252, 88 and 90% (median values 424, 199, 50 and
24%; interquartile-ranges: 3.3, 3.7, 0.8 and 0.5; Fig. 1c). Thus, there
was a significantly higher expression of the 60 kDa band in benign
cystadenomas or borderline tumours compared to primary or
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recurrent invasive carcinomas, whereas the 72 kDa protein
predominates in carcinomas (Fig. 1b) and in SKOV3 only the
larger variant is detectable (Fig. 1a). This trend is clearly visible in
Fig. 1d, where the ratio of both bands is shown for the different
ovarian tumour types. Here, we found significantly increasing
values with higher malignancy (mean values 0.9, 3.0, 21.1 and
22.3; median 0.8, 1.2, 3.5 and 19.5%; interquartile-ranges: 1.6, 2.8,
7.8 and 37.0; Fig. 1d). No significant differences were detected
regarding the intensity of the combined MAN1A1 bands
(Supplementary Fig. S3).

Correlations with clinical and histological parameters and
prognostic relevance
For correlation analysis between MAN1A1 expression and clinical/
histological parameters all primary carcinomas were divided into
two groups of equal size with MAN1A1 (72 kDa) expression below
or above median. Interestingly, using Chi-square tests high
MAN1A1 protein levels correlated significantly with advanced

stage and the presence of distant metastasis, whereas there was
no association with histological grading and lymph node
involvement (Supplementary Table S1). In addition, optimal
debulking results with no macroscopically visible residual tumour
were achieved significantly less frequently in cases with high
MAN1A1 expression. In the same way, associations of the second
band (60 kDa) with prognostic parameters were analysed. Here,
we only found a significant correlation of high expression with
distant metastasis (Supplementary Table S1). Regarding the
combined bands, significant associations with advanced stage,
positive lymph node status and distant metastasis were found
(Supplementary Table S1, Fig. 1g).
By Kaplan-Meier and univariate Cox regression analysis, high

expression of the combined MAN1A1 bands (72+ 60 kDa) was
shown to correlate with a significantly shorter RFS (Fig. 1e, Cox
regression: p= 0.047; Hazard ratio 1.46; 95% CI 1.01–2.11), but not
with OAS (Fig. 1f). Kaplan-Meier analysis with quartiles showed the
same trend but with weaker significance, probably due to the
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Fig. 1 MAN1A1 protein expression in ovarian tumours and its impact on patient survival. a Representative western blot results of MAN1A1
expression in ovarian carcinomas (T_), borderline tumours (Bord_) and benign cystadenomas (Cyst_). Protein extract from the ovarian cancer
cell line SKOV3 as well as protein extract from a selected tumour tissue sample (T-control) were included in each gel as internal controls. As
loading control, GAPDH expression is shown. b, c Box plots showing MAN1A1 expression relative to the control cell line in different ovarian
tumour types (b 72 kDa-band; c ca. 60 kDa-bands). d Box plots showing the ratio of the two measured MAN1A1 forms (70 kDa/ca. 60 kDa) in
different tumour types. Significant differences after t-tests are marked by asterisks (*p < 0.05; **p < 0.01). Whiskers represent the minimum and
maximum rating values, circles represent outliers and asterisks represent extreme outliers of each box plots. e, f Kaplan-Meier analysis and
Log-rank test showing a significant correlation of high MAN1A1 (72 kDa+ 60 kDa) protein expression (>median) with shorter recurrence-free
survival and a trend towards overall survival. g Correlation analysis by Chi-square-test showing a significant association of high MAN1A1
(72 kDa+ 60 kDa) protein expression (>median) with higher FIGO stages and nodal involvement
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lower case-number per group (Supplementary Fig. S4A and S4D).
Similar results were also obtained for the 72 kDa MAN1A1 band,
with a significant association of high expression with shorter RFS
(p= 0.034; Hazard ratio 1.48; 95% CI 1.02–2.41, Supplementary
Fig. S4B and S4E), but not OAS (Supplementary Fig. S4C and S4F).
Yet, here the correlation with OAS reached statistical significance if
another cut-off was used (lower 75% vs. upper 25%; p= 0.022; HR
1.68; 95% CI 1.07–2.63). High levels of the 60 kDa band were only
associated with a significantly shorter OAS (Supplementary
Fig. S4F, Cox regression: HR 1.57, 95% CI 1.04–2.37; p= 0.030). In
multivariate analysis including the most important prognostic
parameters, FIGO stage and residual tumour after surgery,
MAN1A1 expression (72 kDa, 60 kDa or combined) lost its
prognostic significance.

Influence of the mannosidase inhibitor kifunensine on adhesion
proteins in ovarian cancer cells
Since we found a clear correlation of high MAN1A1 protein
levels—presumably resulting in high amounts of complex N-
glycans—with high tumour aggressiveness, we assumed that
expression of this mannosidase might influence the biological
properties of OvCa cells thereby affecting tumour progression
and metastasis. First, MAN1A1 protein expression was analysed
in SKOV3, OVCAR8 and OAW42. Here, a high endogenous
MAN1A1 expression was found in the first two cell lines, whereas
it was not detectable in OAW42 (Fig. 2a). In addition, treatment
with 10 µM kifunensine results in a slightly increase of MAN1A1
expression only in SKOV3 cells.
Kifunensine was used to analyse the importance of N-

glycosylation in OvCa progression in vitro. The inhibitor was first
tested for its impact on the biosynthesis of N-glycans using the
lectins ConA and PHA-E, which bind preferentially high-mannose-
type and complex-type N-glycans, respectively. As expected, we
confirmed higher levels of total high-mannose glycans in SKOV3,
OVCAR8 and OAW42 cells after treatment with 10 µM kifunensine,
especially in the membrane fraction. Accordingly, a strong
decrease in complex-type N-glycans were detected in treated
cells (Fig. 2b).
In contrast to the majority of tumour entities that metastasise

haematogenously, OvCa spreads mainly by peritoneal and/or
lymphatic dissemination. This pathway is associated with
malignant ascites which predominantly consists of multicellular
spheroids. In spheroid-formation assays, non-pre-treated
OVCAR8 and SKOV3 cells gave rise to compact, rigid and
globular spheroids that were resistant to gentle agitation or
physical transfer after 48 h. In contrast, OAW42 cells, which do
not express MAN1A1, did not form compact aggregates (Fig. 2c).
Interestingly, treatment with kifunensine strongly inhibits
OVCAR8 spheroid formation already at low concentration (1
µM), and this effect remains clearly visible after 7 days
incubation time. We observed a similar but weaker effect for
SKOV3 cells, especially in the first phase of the spheroid
formation, yet this effect vanished after day 5. For OAW42
kifunensine treatment did not show any remarkable effect on
the spheroid-formation ability (Fig. 2c).
To clarify the role of MAN1A1 in cell aggregation ability we

performed spheroid-formation assays with MAN1A1 k.o. in
OVCAR8 cells. Here, MAN1A1 deficiency leads to a weaker
spheroid-formation ability compared to control cells (e.v.) and
the kifunensine treatment has barely no effect on MAN1A1 knob
cells (Fig. 2d).

Influence of mannosidase inhibition on proliferation,
chemosensitivity and migration of ovarian cancer cells
In order to analyse the impact of mannosidase activity on further
cellular properties of ovarian cancer, OVCAR8 cells were treated
with kifunensine and subsequently tumour cell proliferation,
chemosensitivity as well as cell migration were evaluated.

Treatment with 10 µM and 50 µM kifunensine led to a slight
increase of OVCAR8 cell growth after 24 h, whereas after 48 h the
effect was only noticeable at the highest concentration (Fig. 3a).
Further, cell viability analysis after exposure to the cytostatic drug
cisplatin for 24 h showed decreased chemosensitivity in cells pre-
treated with indicated kifunensine concentrations in comparison
with untreated cells. This effect could only be observed after
treatment with 10 µg/ml cisplatin, whereas no significant differ-
ences were noted with lower (1 µg/ml) or higher (50 µg/ml)
cisplatin concentrations (Fig. 3b).
In contrast to the weak effect of kifunensine treatment on OvCa

cell proliferation and platin-sensitivity, a clear increase of tumour
cell migration after treatment with 10 and 50 µM kifunensine was
found in wound healing assays (Fig. 3c).

Influence of MAN1A1 expression on the glycosylation pattern and
prognostic value of cell adhesion molecules
Our observation that mannosidase inhibition affects tumour cell
aggregation led us to the assumption that the blockade of the
N-glycan maturation via kifunensine treatment might result in
the production of aberrantly glycosylated cell adhesion
molecules (CAMs), with altered functional properties. The impact
of the mannosidase inhibitor on the glycosylation pattern
of certain CAMs could be corroborated by western blot analysis
of kifunensine-treated versus untreated cells. Here, the N-
glycosylated adhesion molecules ALCAM and ICAM-1 showed a
molecular mass shift in OVCAR8 and SKOV3 cells after treatment,
whereas for Integrin β4 no effect on the molecular weight in
OVCAR8 cells and a very slight shift in SKOV3 cells could be
noted (Fig. 4a). Further, cell fractionation experiments corrobo-
rated the impact of kifunensine on the glycosylation pattern of
membranous ALCAM in OVCAR8 cells, which is ultimately
responsible for its adhesive function (Fig. 4b). In addition, we
could observe a dose-dependent decrease of ALCAM in the
membrane fraction and a simultaneous increase in the cytoplasm
after treatment with 1 and 10 µM kifunensine (Fig. 4b).
Next, we aimed to clarify whether the expression level of

MAN1A1 in tumours could impact the prognostic value of ALCAM
and ICAM-1. Therefore, western blot analysis with both molecules
were performed in carcinomas of the previously mentioned
cohort followed by survival analysis with the obtained expression
data. We did not find any prognostic significance regarding RFS
or OAS for ALCAM (Fig. 5a) and ICAM-1 (Supplementary Fig. S5A,
B). Then, separate survival analysis was performed in tumours
with high and low-MAN1A1 expression. This stratification led to
interesting results regarding the prognostic impact of ALCAM
expression: In tumours with high MAN1A1 expression (probably
leading to high amounts of complex N-glycans), high ALCAM
protein expression was significantly associated with a shorter OAS
and RFS (Fig. 5b). Surprisingly, the opposite result was found in
tumours with low-MAN1A1 protein levels (probably leading to
higher amounts of high-mannose N-glycans), where high ALCAM
levels were rather associated with a better prognosis (Fig. 5c). This
difference was observed for total MAN1A1 expression (all bands),
and similarly for the 70 kDa and 60 kDa MAN1A1 bands
(Supplementary Fig. S6). In multivariate Cox regression analysis
including clinical stage and residual tumour after surgery, ALCAM
lost its prognostic significance in groups with high or low-
MAN1A1 expression. In the same way, we studied the potential
influence of MAN1A1 expression on the prognostic influence of
ICAM1. Here, stratification according to MAN1A1 protein levels
did not lead to any significant correlation with RFS or OAS
(Supplementary Fig. S5C, D).

DISCUSSION
Golgi mannosidases are necessary for the maturation of complex
N-glycans, and among this group of enzymes, MAN1A1 seems to
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play a major role in cancer cells. In a search for relevant
glycosylation enzymes in breast cancer, MAN1A1 was one of
eight genes whose mRNA expression was significantly associated
with prognosis in two different cohorts.10 Experimental studies
suggest that this prognostic role is at least partly brought about

by alteration of the adhesive properties of breast cancer cells.9

Moreover, in hepatocellular carcinoma (HCC) cell lines, MAN1A1
was among those genes with differential expression between
metastatic versus non-metastatic cells.16 In our present study we
show that this mannosidase is also a significant prognostic
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indicator in OvCa. Yet, in contrast to the other entities, where high
expression is associated with a less malignant phenotype, high
MAN1A1 expression in OvCa is associated with a shorter RFS,
suggesting an oncogenic effect of this gene.
Similar to breast cancer, western blot analysis of ovarian tumour

tissue generally detects not only the expected 72 kDa band of
MAN1A1, but also one or two bands of around 60 kDa.
Interestingly, this smaller MAN1A1 variant is mainly found in
non-invasive tumours like cystadenomas and LMP tumours,
whereas in carcinomas, the 72 kDa protein predominates and in
the OvCa cell lines, only the larger variant is detectable. To date,
we cannot explain the presence of this second MAN1A1 band,
which might be an as yet unknown splice variant or result from
proteolytic processing or impaired glycosylation. Yet, regarding
the strong correlation between expression values of both bands
and between protein and mRNA expression values, we have no
doubt that both are MAN1A1 protein variants.
In ovarian cancer cells as well as ascites or extracellular vesicles

from OvCa cells, high amounts of O- and N-glycans have been
found by lectin studies or glycan mass spectrometry.17,18

Interestingly, in ascites fluid a high enrichment of proteoglycans
such as lumican, agrin, versican and dystroglycans were observed
carrying a significant amount of O-linked glycosylation.18 Further,
extracellular vesicles (EVs) of OvCa cells were enriched in
glycoprotein galectin-3 binding protein (LGALS3BP) and comprise
sialylated complex N-glycans.17 Along with our findings the
inhibition of N-glycosylation via kifunensine changed composition
of EVs and induced a decrease of several glycoproteins like CD63
and L1CAM in EVs.17

Similar to other tumour entities, OvCa cells frequently show an
aberrant glycosylation pattern of membrane proteins, which
might affect their functional properties. In a study on OvCa cells
and normal ovarian epithelial cells, Anugraham found increased
levels of “bisecting N-glycans”, sialylated N-glycans and “N,
N-diacetyllactosamine” type N-glycans in cancer cells.19 Forced
expression of the sialyltransferase ST6GAL1, which catalyses
sialylation of N-glycans resulted in increased cell viability and
platin-resistance in OvCa cells.20 Similarly, inhibition of N-linked
glycosylation by resveratrol triggers ER-stress-mediated apoptosis
in OvCa cells.21

Our in vitro analysis showed a weak effect of reduced
mannosidase activity on OvCa cell proliferation and chemosensi-
tivity. In addition, we found a clear increase in cell migration after
mannosidase inhibition, suggesting that accumulation of high-
mannose and simultaneous decrease in complex N-glycans might
promote cell motility. Yet, this finding does not correspond to the
favourable characteristics of low-MAN1A1 in tumours and
suggests a minor impact of this feature on OvCa progression.
Indeed, peritoneal cancer cell dissemination does not depend on
cell motility, but mainly occurs by passive transport within the
intraperitoneal fluid.
In contrast, the fact that inhibition of α-mannosidases and

especially loss of MAN1A1 impaired the formation of tumour cell
aggregates is in line with the clinical data. Multicellular tumour
spheroids, which mimic the cellular situation in the malignant
ascites and represent the main source of intraperitoneal spread,
exhibit enhanced survival and drug resistance compared to single
cells as demonstrated with primary ascites-derived epithelial OvCa
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cells22 as well as with OvCa cell lines.23,24 Recently, it has been
shown that multicellular spheroids found in the ascites arise
preferentially from collective detachment. These tumour cell
aggregates have a potent survival advantage over single cells
and are capable of seeding intra-abdominal metastases thereby
retaining the heterogeneity from the primary tumour.25

Our results show a MAN1A1-dependent spheroid-formation
ability in ovarian cancer cells. Cell lines with high endogenous
MAN1A1 expression form cell aggregates in vitro, whereas those
with a lack of MAN1A1 -like OAW42- have no ability to build
compact spheroids. Further, MAN1A1 inhibition, using the
α-mannosidase inhibitor kifunensine, or MAN1A1 k.o. leads to
an impaired tumour cell aggregation. We observed a similar
kifunensine effect in two different cell lines but in a different
extent, even though they express MAN1A1 at similar levels. Here,
this effect seems to be not only dependent on the MAN1A1
expression level but also on the expression and activity of other α-
mannosidases. This aspect has to be taken into consideration in
further studies including patient material.
Based on our present results we hypothesise that OvCa cells

require an intact N-glycosylation machinery, including high
MAN1A1 activity, in order to preserve the functionality or the
subcellular localisation of certain CAMs involved in tumour cell-cell
adhesion and consequently to sustain tumour cell aggregation.
Several studies have demonstrated the influence of N-glycosylation
on protein function. In example, ICAM-1 and JAM-A glycosylation
strongly affects cell adhesion and cell migration of endothelial cells
and influences protein half-life.7,26 In this context, impaired N-
glycosylation affects protein transport and cellular localisation of
certain glycoproteins. Particularly, glycoproteins containing high-
mannose structures, which are regarded as the less mature glycan
forms, might be retained in the ER and are more quickly degraded
by the proteasome, thereby decreasing their cell-surface levels.27,28

These findings are in line with our results on the cellular localisation
of ALCAM after treatment with the mannosidase inhibitor and
might be also valid for further CAMs in OvCa cells.
We are aware that the effects observed in vitro using

kifunensine cannot be exclusively attributed to the inactivation
of MAN1A1 as this substance inhibits further mannosidase I
enzymes like endoplasmic reticulum MAN1B1, Golgi MAN1A2 and
MAN1C1. However, this fact does not diminish the relevance of
MAN1A1 but rather accentuates the interesting potential of
α-mannosidases as therapeutic targets, which can be inhibited by
available substances such as kifunensine. Thus, α-mannosidases
represent an attractive target, since their inhibition might lead to
an aberrant N-glycosylation of those CAMs responsible for tumour
cell aggregation thereby affecting their function and/or cellular
localisation. For OvCa patients this disrupting effect on ascites
tumour cell clusters might result in enhanced chemosensitivity
and longer RFS and OAS.
One of these CAMs might be ALCAM, which is known to

promote tumour progression by affecting diverse cellular func-
tions including tumour cell aggregation. Here, disruption of
ALCAM-ALCAM interactions by blocking with a soluble recombi-
nant ALCAM-Fc has been shown to reduce aggregation in
different cell lines.29 In our study, inhibition of α-mannosidases
with kifunensine led to a dose-dependent mass shift of ALCAM in
OvCa cells and an accumulation of this protein in the cytoplasm
thereby potentially affecting its adhesive properties. The sub-
cellular localisation of ALCAM has been previously described to
impact the survival of OvCa patients.30 Several studies have shown
that ALCAM is increasingly shed by proteases in aggressive OvCa,
resulting in various sALCAM forms in the extracellular space.31

With our western blot approach, we probably not only detected
and quantified full-length ALCAM, but also the larger sALCAM
form (ca. 95 kDa). Smaller sALCAM forms of (30 kDa, 60 kDa) were
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not included in our analysis. The influence of N-glycosylation on
ALCAM shedding and on the function of sALCAM warrants further
investigation.
In order to analyse if MAN1A1 expression also has an effect on

the prognostic role of adhesion proteins in OvCa, we chose ICAM-
1 and ALCAM, which were shown to correlate with RFS and OAS in
breast cancer in prior studies.32,33 In ovarian tumours, our first
analysis did not reveal any prognostic significance for these CAMs
and stratification for MAN1A1 levels did not show any effect in the
case of ICAM-1. In contrast, ALCAM turned out as a significant
adverse prognostic indicator in the presence of high (>median)
MAN1A1 expression, whereas it was even associated with longer
RFS in cases with low-MAN1A1 levels. This confirms our prior
results indicating that the biological role of ALCAM is dependent
on its N-glycosylation.
Strikingly, MAN1A1 seems to play opposite roles in metastasis

of breast and ovarian cancer: High MAN1A1 expression is
associated with less metastasis to lymph nodes as well as brain,
lung and bone in breast cancer,9 whereas it correlates with more
distant metastasis in OvCa. This discrepancy might be explained
by the different modes of metastasis in both tumours, because
peritoneal and hematogenic spread involve different mechanisms
and adhesion proteins.
In conclusion, the results of our present study show an

oncogenic role of the Golgi mannosidase MAN1A1 in ovarian
cancer, where MAN1A1 expression levels significantly affects RFS
and OAS. Mannosidase-mediated N-glycosylation has a strong
impact on tumour cell aggregation and affects the prognostic
impact of the adhesion molecule ALCAM. Thus, the understanding
of mannosidase-mediated glycan alteration may provide new
options for therapeutic intervention.

AUTHOR CONTRIBUTIONS
L.O.F., F.H., K.L. and K.M.L. contributed to the design of the study, statistical analysis
and interpretation of the data and wrote the manuscript. B.W., F.H., K.L., N.K., K.E., M.R.
and Y.D. performed the experiments and were involved in interpretation of the
results. S.K. and B.S. contributed to the collection of the patient samples and clinical
data. All authors read and approved the final manuscript.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-019-0607-2.

Competing interests: The authors declare no competing interests.

Ethical approval and consent to participate: Informed consent for the scientific use
of tissue materials, which was approved by the local ethics committee (Ethik-
Kommission der Ärztekammer Hamburg, #OB/V/03), was obtained from all patients.
The study was performed in accordance to the principles of the declaration of
Helsinki and REMARK criteria.11

Funding: This study was financially supported by the Gynecology Department of the
University Medical Centre Hamburg-Eppendorf, Germany.

Consent to publish: Consent for publication was obtained from all authors.

Data availability: All data generated or analysed during this study are included in
this article and its supplementary information files (available at the British Journal of
Cancer’s website).

Note: This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

C
on

tr
ol

KDa Tumour tissue samples

ALCAM

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

O
ve

ra
ll 

su
rv

iv
al

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

0

35

37 14 1 1 0 0

21 11 5 3 1 34 41 40 9

8

3

3

1
2

0

0

0

02325 15 4 2 0 0

23 12 4 4 1

37 4 0 0 0 0
13 6 4 3 1

25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125

1.0

0.8

0.6

R
ec

ur
re

nc
e-

fr
ee

 s
ur

vi
va

l

R
ec

ur
re

nc
e-

fr
ee

 s
ur

vi
va

l

R
ec

ur
re

nc
e-

fr
ee

 s
ur

vi
va

l

0.4

0.2

0.0

No. at risk No. at risk

< median

> median

No. at risk No. at risk No. at risk No. at risk

< median

> median

< median

> median

< median

> median

< median

> median

< median

< median

ALCAM

> median

> median

< median

ALCAM

> median
< median

ALCAM

> median
< median

ALCAM

> median
< median

ALCAM

> median

77 75 23 9 5 4 2 0

62 60 12 3 0 0 0 029 5 3 0 0 0

45 22 9 7 2 0

0

p = 0.229

p = 0.004 p = 0.008 p = 0.186

p = 0.014

p = 0.824

n = 139 n = 135

25 50 75

Time (months) Time (months)

Time (months) Time (months) Time (months) Time (months)

100 125 150 0 25 50 75 100 125 150

O
ve

ra
ll 

su
rv

iv
al

O
ve

ra
ll 

su
rv

iv
al

GAPDH

100

40

High MAN1A1 (> median) n = 72 Low MAN1A1 (< median) n = 66

a

b c

Fig. 5 Influence of MAN1A1 expression on the prognostic role of ALCAM in ovarian cancer tissue samples, based on western blot data for
both proteins. a Exemplary Western blot showing ALCAM expression in ovarian cancer tissue samples and GAPDH as a loading control.
Kaplan-Meier analysis and Log-rank test shows no significant correlation of ALCAM with recurrence-free and overall survival. b, c Regarding
the ALCAM expression data, the cases were divided into two groups (</> median expression) for Kaplan-Meier analysis and Log-rank tests,
stratified for low (< median) or high (> median) MAN1A1 mRNA expression (all bands). High ALCAM expression correlated significantly with
shorter RFS only in cases with a higher mannosidase MAN1A1 expression (b). In contrast, high ALCAM levels were associated with longer RFS
in tumours with low-MAN1A1 expression (c)

Prognostic relevance of the Golgi mannosidase MAN1A1 in ovarian cancer:. . .
F Hamester et al.

952

https://doi.org/10.1038/s41416-019-0607-2
https://doi.org/10.1038/s41416-019-0607-2


Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Coffman, L. G., Burgos-Ojeda, D., Wu, R., Cho, K., Bai, S. & Buckanovich, R. J. New

models of hematogenous ovarian cancer metastasis demonstrate preferential
spread to the ovary and a requirement for the ovary for abdominal dissemina-
tion. Transl. Res. J. Lab. Clin. Med. 175(Sep), 92–102e2 (2016). PubMed PMID:
27083386. Pubmed Central PMCID: 5003680.

2. Pradeep, S., Kim, S. W., Wu, S. Y., Nishimura, M., Chaluvally-Raghavan, P., Miyake, T.
et al. Hematogenous metastasis of ovarian cancer: rethinking mode of spread.
Cancer cell. 26(Jul), 77–91 (2014). PubMed PMID: 25026212. Pubmed Central
PMCID: 4100212.

3. Oliveira-Ferrer, L., Legler, K., Milde-Langosch, K. Role of protein glycosylation in
cancer metastasis. Semin. Cancer Biol. 44(Jun), 141–152 (2017). PubMed PMID:
28315783.

4. Moremen, K. W., Tiemeyer, M. & Nairn, A. V. Vertebrate protein glycosylation:
diversity, synthesis and function. Nat. Rev. Mol. Cell Biol. 13(Jul), 448–462 (2012).
PubMed PMID: 22722607.

5. Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M. & Henrissat, B.
Carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42
(Database issue), D490–D495 (2014).PubMed PMID: 24270786. Pubmed Central
PMCID: 3965031.

6. Moremen, K. W., Nairn, A. V. in Handbook of Glycosyltransferases and Related
Genes (eds.Taniguchi N., al. e,) : (Springer, Japan, 2014). p. 1297–1312.

7. Scott, D. W., Chen, J., Chacko, B. K., Traylor, J. G. Jr., Orr, A. W. & Patel, R. P. Role of
endothelial N-glycan mannose residues in monocyte recruitment during ather-
ogenesis. Arterioscler Thromb. Vasc. Biol. 32(Aug), e51–e59 (2012). PubMed PMID:
22723438. Pubmed Central PMCID: PMC3831355.

8. Varki, A., Cummings, R. D., Esko, J. D., Freeze, H. H., Stanley, P., Bertozzi, C. R. et al.
Cold Spring Harbor Laboratory Press. (Cold Spring Harbor Laboratory Press, Cold
Spring Harbor (NY), 2009).

9. Legler, K., Rosprim, R., Karius, T., Eylmann, K., Rossberg, M., Wirtz, R. M. et al.
Reduced mannosidase MAN1A1 expression leads to aberrant N-glycosylation and
impaired survival in breast cancer. Br. J. Cancer. 118(6) (March), 847–856 (2018).
PubMed PMID: 29381688.

10. Milde-Langosch, K., Karn, T., Schmidt, M., zu Eulenburg, C., Oliveira-Ferrer, L., Wirtz, R.
M. et al. Prognostic relevance of glycosylation-associated genes in breast cancer.
Breast Cancer Res. Treat. 145(Jun), 295–305 (2014). PubMed PMID: 24737166.

11. McShane, L. M., Altman, D. G., Sauerbrei, W., Taube, S. E., Gion, M. & Clark, G. M.
REporting recommendations for tumor MARKer prognostic studies (REMARK).
Breast Cancer Res. Treat. 100(Nov), 229–235 (2006). PubMed PMID: 16932852.

12. Hein, S., Mahner, S., Kanowski, C., Loning, T., Janicke, F. & Milde-Langosch, K.
Expression of Jun and Fos proteins in ovarian tumors of different malignant
potential and in ovarian cancer cell lines. Oncol. Rep. 22(Jul), 177–183 (2009).
PubMed PMID: 19513521.

13. Oliveira-Ferrer, L., Rossler, K., Haustein, V., Schroder, C., Wicklein, D., Maltseva, D.
et al. c-FOS suppresses ovarian cancer progression by changing adhesion.
Br. J. cancer 110(Feb), 753–763 (2014). PubMed PMID: 24322891. Pubmed Central
PMCID: PMC3915133.

14. Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A. & Zhang, F. Genome
engineering using the CRISPR-Cas9 system. Nat. Protoc. 8(Nov), 2281–2308
(2013). PubMed PMID: 24157548. Pubmed Central PMCID: 3969860.

15. Trillsch, F., Kuerti, S., Eulenburg, C., Burandt, E., Woelber, L., Prieske, K. et al. E-
Cadherin fragments as potential mediators for peritoneal metastasis in advanced
epithelial ovarian cancer. Br. J. cancer 114(Jan), 213–220 (2016). PubMed PMID:
26757261. Pubmed Central PMCID: 4815811.

16. Liu, T., Zhang, S., Chen, J., Jiang, K., Zhang, Q., Guo, K. et al. The transcriptional
profiling of glycogenes associated with hepatocellular carcinoma metastasis.
PLoS ONE 9, e107941 (2014). PubMed PMID: 25232831. Pubmed Central PMCID:
4169445.

17. Gomes, J., Gomes-Alves, P., Carvalho, S. B., Peixoto, C., Alves, P. M., Altevogt, P.
et al. Extracellular vesicles from ovarian carcinoma cells display specific
glycosignatures. Biomolecules 5(Aug), 1741–1761 (2015). PubMed PMID:
26248080. Pubmed Central PMCID: 4598773.

18. Karlsson, N. G. & McGuckin, M. A. O-Linked glycome and proteome of high-
molecular-mass proteins in human ovarian cancer ascites: Identification of sul-
fation, disialic acid and O-linked fucose. Glycobiology 22(Jul), 918–929 (2012).
PubMed PMID: 22422444.

19. Anugraham, M., Jacob, F., Nixdorf, S., Everest-Dass, A. V., Heinzelmann-Schwarz, V.
& Packer, N. H. Specific glycosylation of membrane proteins in epithelial ovarian
cancer cell lines: glycan structures reflect gene expression and DNA methylation
status. Mol. Cell Proteom. 13(Sep), 2213–2232 (2014). PubMed PMID: 24855066.
Pubmed Central PMCID: 4159645.

20. Schultz, M. J., Swindall, A. F., Wright, J. W., Sztul, E. S., Landen, C. N. & Bellis, S. L.
ST6Gal-I sialyltransferase confers cisplatin resistance in ovarian tumor cells. J. Ovarian
Res. 6(Apr), 25 (2013). PubMed PMID: 23578204. Pubmed Central PMCID: 3637436.

21. Gwak, H., Kim, S., Dhanasekaran, D. N. & Song, Y. S. Resveratrol triggers ER stress-
mediated apoptosis by disrupting N-linked glycosylation of proteins in ovarian
cancer cells. Cancer Lett. 371(Feb), 347–353 (2016). PubMed PMID: 26704305.

22. Correa, R. J., Komar, M., Tong, J. G., Sivapragasam, M., Rahman, M. M., McFadden, G.
et al. Myxoma virus-mediated oncolysis of ascites-derived human ovarian cancer
cells and spheroids is impacted by differential AKT activity. Gynecol. Oncol. 125(May),
441–450 (2012). PubMed PMID: 22306204. Pubmed Central PMCID: PMC4373451.

23. Lee, J. M., Mhawech-Fauceglia, P., Lee, N., Parsanian, L. C., Lin, Y. G., Gayther, S. A.
et al. A three-dimensional microenvironment alters protein expression and
chemosensitivity of epithelial ovarian cancer cells in vitro. Lab Invest. 93(May),
528–542 (2013). PubMed PMID: 23459371.

24. Makhija, S., Taylor, D. D., Gibb, R. K. & Gercel-Taylor, C., Taxol-induced bcl-2
phosphorylation in ovarian cancer cell monolayer and spheroids. Int J. Oncol. 14
(Mar), 515–521 (1999). PubMed PMID: 10024685.

25. Al Habyan, S., Kalos, C., Szymborski, J. & McCaffrey, L. Multicellular detachment
generates metastatic spheroids during intra-abdominal dissemination in epi-
thelial ovarian cancer. Oncogene 37(Sep), 5127–5135 (2018). PubMed PMID:
29789717. Pubmed Central PMCID: PMC6137025.

26. Scott, D. W., Tolbert, C. E., Graham, D. M., Wittchen, E., Bear, J. E. & Burridge, K. N-
glycosylation controls the function of junctional adhesion molecule-A. Mol. Biol.
Cell. 26(Sep), 3205–3214 (2015). PubMed PMID: 26224316. Pubmed Central
PMCID: PMC4569312.

27. Vagin, O., Kraut, J. A. & Sachs, G. Role of N-glycosylation in trafficking of apical
membrane proteins in epithelia. Am. J. Physiol. Ren. Physiol. 296(Mar), F459–F469
(2009). PubMed PMID: 18971212. Pubmed Central PMCID: PMC2660186.

28. Weng, T. Y., Chiu, W. T., Liu, H. S., Cheng, H. C., Shen, M. R., Mount, D. B., et al.
Glycosylation regulates the function and membrane localization of KCC4.
Biochim. Biophys. Acta 1833(May), 1133–1146 (2013). PubMed PMID: 23376777.

29. Hebron, K. E., Li, E. Y., Arnold Egloff, S. A., von Lersner, A. K., Taylor, C. Houkes, J.
et al. Alternative splicing of ALCAM enables tunable regulation of cell-cell
adhesion through differential proteolysis. Sci. Rep. 8(Feb), 3208 (2018). PubMed
PMID: 29453336. Pubmed Central PMCID: PMC5816644.

30. Mezzanzanica, D., Fabbi, M., Bagnoli, M., Staurengo, S., Losa, M., Balladore, E. et al.
Subcellular localization of activated leukocyte cell adhesion molecule is a
molecular predictor of survival in ovarian carcinoma patients. Clin. Cancer Res. 14
(Mar), 1726–1733 (2008). PubMed PMID: 18347173.

31. Carbotti, G., Orengo, A. M., Mezzanzanica, D., Bagnoli, M., Brizzolara, A., Emionite,
L. et al. Activated leukocyte cell adhesion molecule soluble form: a potential
biomarker of epithelial ovarian cancer is increased in type II tumors. Int J. Cancer
132(Jun), 2597–2605 (2013). PubMed PMID: 23169448.

32. Ihnen, M., Müller, V., Wirtz, R. M., Schröder, C., Krenkel, S., Witzel, I. et al. Predictive
impact of activated leukocyte cell adhesion molecule (ALCAM/CD166) in breast
cancer. Breast Cancer Res. Treat. 112(Dec), 419–427 (2008). PubMed PMID:
WOS:000261951000004. English.

33. Schröder, C., Witzel, I., Müller, V., Krenkel, S., Wirtz, R. M., Jänicke, F. et al. Prognostic
value of intercellular adhesion molecule (ICAM)-1 expression in breast cancer.
J. Cancer Res. Clin. Oncol. 137(Aug), 1193–1201 (2011). PubMed PMID: 21590495.

Prognostic relevance of the Golgi mannosidase MAN1A1 in ovarian cancer:. . .
F Hamester et al.

953


	Prognostic relevance of the Golgi mannosidase MAN1A1 in�ovarian cancer: impact of N-glycosylation on tumour cell�aggregation
	Background
	Methods
	Patient cohort
	Ovarian cancer cell lines
	CRISPR/Cas9-MAN1A1 knock out
	Western blot analysis
	Treatment with kifunensine
	Subcellular fractionation of cells
	Spheroid-formation assay
	Migration assay
	Proliferation assay
	Cytotoxicity assay
	Statistics

	Results
	MAN1A1 expression in different ovarian tumour types
	Correlations with clinical and histological parameters and prognostic relevance
	Influence of the mannosidase inhibitor kifunensine on adhesion proteins in ovarian cancer cells
	Influence of mannosidase inhibition on proliferation, chemosensitivity and migration of ovarian cancer cells
	Influence of MAN1A1 expression on the glycosylation pattern and prognostic value of cell adhesion molecules

	Discussion
	Author contributions
	ADDITIONAL INFORMATION
	References




